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PREFACE 

I t  is  known that wind loading is the ma jor s t ru ctural de s i gn cons i de ration in 
de s i gning tracking and f ie l d-mounted so lar colle c t o r s .  The p urp ose of thi s 
rep o rt is  to p rovide an asse s sme nt of the work done on the wind loading of 
s olar colle ctors , inve s tigate the commonality o f  f indings in p revious s tudie s ,  
ex amine remaining p roblem are a s ,  and make recommendations t o  re s olve those 
d i f f icul t ie s .  Th i s  rep ort  shoul d a s s i s t  the de s igne r s  and deve lope rs of s olar 
colle c t o r s .  ,J 
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Randal l , Hal P o s t ,  S te ve Peglow, and Bill De lame te r  of Sandia Nat ional 
La boratorie s ,  and Bo b We aver of the Je t P r opul s i on Laboratory . 
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SUMMARY 

OBJECTIVE 

Th i s  rep or t  p rovi de s  an a s s e s sment o f  the work done on the wind loading of 
collectors for s o lar thermal app li cati ons and also f or large field-mounted  
p ho tovoltaic array s .  The commonality o f  p revi ous work is  inve s t igated and 
recommendati ons are deve lop ed for the reso lution of current unce rtainti e s . 

,J 

DISCUSSION \ 

In deve lop ing solar collectors; wind loading is  the ma jor s truc tural design 
cons iderati on. Wind loading inve s t iga t i ons have focused on establishing safe 
bounds f or s teady state l oading and verifying rational bu t ini tial and conser
vative d e s i gn app roaches for the va ri ous solar colle c t or concep t s .  A s  such , 
the e f f ort  has been very suc c e s s ful , and has contributed grea t ly t o  both the 
recognition and qualitative unders tanding of many of the physical phenomena 
involved.  Loading coeffici ents c orresp onding t o  mean wind ve loc i t i e s  have 
been derive d  t o  measure the exp ected s t ruc tural loading on the vari ous s o lar 
c ollectors . Much o f  the corresp onding t e s t ing to arrive at tho s e  coefficients 
has been done in boundary layer test facilities , whi ch model the natural 
boundary layer tha t indivi dual colle c t ors and fields of collec t ors are likely 
to encount e r .  A s i gnif i cant amount of this tes t ing involves the s tudy o f  
f ields of collect ors and load-reducing barriers as we ll as shi e ld ing effects  
p rovided by ad jacent collectors . The dynamic inte rac tion p rob lem has received 
very l i t t l e  at t ention to date .  

CONCLUSIONS AND RECOMMENDATIONS 

A lthough each sp ecific des ign has unique detailed l oading chara c t eristics , 
there i s  a s trong degree of c orrelation in the loading among the different 
s olar concep t s .  One of the mos t  s ignificant cons i s tencies app arent in all the 
t e s t s  is  the benefit  p rovided by f ences and shie lding p rovided by a large 
f ield of collecto rs. Taken in t o t o ,  thes e t e s t s  show that load reduc t i ons o f  
three or p os s ibly more seem f easible f o r  an app rop riately d e s i gned field and 
f ence sys tem. The s e  p otential bene f i t s  have no t been claimed in any o f  the 
collector d e s i gns as y e t .  A more de tailed quan ti ta tive unders tanding of the 
wind interac t ions phenomena within the f ield i s  however needed t o  take 
advantage of this p o tent ial . 

v 
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SECTION 1.0 

INTRODUCTION 

Wind loading,  e specially on a s t ructure wi th a large,  exposed surface area, is 
a cruc ial des ign factor. Hi s torically , wind loading has been an imp ortant 
concern in the safe cons t ruction of buildings and bridge s .  An excellent docu
mentation o f  this fi eld is pres ent ed in Re f s .  1 ,  2.  Unders tanding of wind 
loading and designs to withs tand that loading have evolved rapidly in the last 
30 years or so,  permi t t ing the design of s t ruc ture s  wi th a high as surance of 
saf ety. Mor� recently, cost  effectiveness and methods to optimally wi ths tand 
windload have' been the f ocus of much res earch. * To mee t  c o s t  goals , new con
s truc t i on methods have resulted in light e r ,  more f lexible struc tures wi th 
reduced  damp ing. Th e s e  new struc tures require an even greater unders tanding 
of wind loading to  s imul taneously guarant ee st ruc tural integrity and e conomy 
as  we ll as  safety.  

During the las t five years , wind loading on s olar collectors has been the sub
ject of much concern and inve s t i gation .  S af ety problems ass ociated wi th the 
potential co llap s e  of bridges and buildings along wi th the likely attendant 
loss  of life are not presen t .  Howeve r ,  concern f or protecting the frequently 
large cap i tal inves tment of thes e  sys t ems is a priority , as is the nee d  to 
meet s tringent energy collection perf ormance requirement s .  This has been 
especially true for tracking and other f i eld-mounted collectors , where low 
c o s t  and re liabil i ty for these r epetitive struc tures are required . The 
e f fects  of wind loading on the s e  s truc tures have been shown t o  be more s evere 
than those  caus ed by snow, rain,  weight , earthquak e s ,  thermal expans ion,  or 
any o ther envi ronmental condi tion.  

Wind f orces are difficul t to  model f or_a t racking collector because for each 
orientat ion,  a different loading condi tion can exi s t .  Bes i des having to  
safely sus tain maximum expec ted loads , a t racking collector mu s t  also  be able 
to  maintain its desired orientation wi thin a certain accuracy band in  typ ical 
wind environments  and at minimum c o s t .  Further ,  the we igh t ing o f  thes e  
factors-- survival o r  p ointing accuracy--vari e s ,  depending on the needs o f  the 
specific collector.  

Ano ther technology receiving cons iderable at tention i s  pho t ovo ltaics , where 
large field arrays of nontracking collect ors are b eing proposed f or central 
generat ion c oncep t s .  

Finally , loading o n  flat-plate nontracking collectors  for heat ing and coo ling 
applications has been the focus of a recent de tailed s tudy [ 4 ] . Wind loading 
on the s e  collectors , which are usually mount ed on bu ildings ( t hough ground 
mount ing is not rare ) has typ ically not been a ma jor c oncern. This is because 
the support struc tures for these  appl ications are rout ine ly overbuilt.  How
eve r ,  concern f or ensuring the integri ty of glaz ings has arisen, and recent 

*Re f e rence [ 3 ]  notes that more than 5 000 papers have been published on wind 
f orces s ince 1 9 7 0. 

1 



5)==�� 1�1 -· -------------------------------------------- ---------- --------�T 
__ R_-_8_1�2-

f indings have shown that support s t ruc tures and mounting can lead to  subs tan
t ia l  c os t s ,  especially if  add i t i onal roof reinforcing i s  required. 

Wind loading on he lios tats ,  parabolic troughs and di she s ,  and large- s cale non
track ing photovo ltaic arrays are discussed  in this paper.  The func tion of 
these  c oncep ts and their specific applications are discussed in many refer
ences [5,6,7,8], and s chema t i c s  are shown in Fi g. 1- 1 of each collector con
c ep t .  The f our t e chnologies not only have diff erent des ign philosophi es , but 
thei r vari ous phy s i cal and deployment c onf igurations l ead to dif f erent loading 
condi tions for s imilar wind speeds .  

,, 

2 
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D. Photovoltaic Array 

Figure 1-1. Typical Configurations Corresponding to. Various Solar 
Collector Concepts 

Ul 
Ill 
N -

�I � 

1-:l 
� 
(X) 
,_.. 
N 





' TR- 8 1 2  
5=!'!1 ,:611 -------------------------------------� ��� 

SECTION 2.0 

CURRENT DESIGN APPROACHES 

The mos t  comprehens ive ( albeit at times cons ervative ) des ign approach for wind 
loads used in the Uni t ed States is ANS I  A5 8 . 1- 1 9 7 2  [ 9 ] , *  developed by the 
American National Standards Ins t i tute . I t  was developed by a cons ensus 
app roach and includes current pract ices , engineering knowledge , past  experi
ence , and synthe s i z ed res earch knowledge in the field . It is supported by 
ext ens ive pro f e s s ional review and agreement and , as such , �arries more weight 
than o ther kinds of standards . The fu.\f SI standard has been adop t ed by the 
Nat ional Buii' ding Code in its ent irety , but other U . S .  bui lding codes adopt  
only parts of it or  o ther o lder s tandards [ 1 0 ] . The ANSI procedure has f our 
basic steps , which in very simple terms are: 

• det ermine a wind recurrence int erval ( e . g . , frequency of the worst wind 
c ondit ion expected ); 

• determine a bas ic wind speed ( e . g . , the magni tude of tha t wor s t  
condition) ; 

• determine effect ive pres sure s due to the basic  wind speed ( e . g . , from 
charts or nomographs combined wi th equat ions) ; and 

• det e rmine pressure coefficient s ( e . g . , again from charts or nomographs 
combined with equat ions ) .  

The At'if S I  standard is a good star t ing point for des igning so lar collect ors ; 
however ,  s t rict application and adherence to it leads to several diff icul
ties . Firs t ,  the code ( in its pres ent form) states that the s tandard does  no t 
apply to s t ructures of unusual shape . Next , s ince mos t  of the s tandard was 
bas ed on concern for lif e  and safety ra ther than economic issues , the code is 
quite conservative [ 1 0 ] . Other indication s  of conservatism in the s tandard 
are that the wind velocity for eleva t ions less than 10 m ( 3 3  ft ) is as sumed to 
be cons tant and equal to the velocity at 10 m, and that a 1 00-yr recurrence 
interval is recommended where lif e  and safety a re an is sue . A 25- yr recur
rence interval is recommended where safety is not an issue� Further , ** the 
s tandard recommends designing for wind loading corresponding to the full 
approach f low, s ince load reduc ti ons due to shielding by o ther adjacent struc
tures is no t allowe d .  Hind tunnel data which addre sses  bo th shielding and 
channe ling effects  are allowed to supplement the code for special cas es; how
ever , spec ific  gui de lines in the genera tion of the data and its use are no t 
given . The coeff icients in the cur rent s tandard appear somewhat cons ervat ive 
s ince mos t  of them were obtained in smooth flow wind tunne ls ra ther than in 

*This standard is currently under rev1. s1. on [ 1 1 ] .  Modif icat ions are sugge s t ed 
not only by standards commi ttee members , but also by groups address ing partic
ular is sues of int erest  to indus try [ 1 2 ] .  

**In a recent propo s ed f orm of the AN SI s tandard now under c ons i deration, con
s iderably more boundary layer wind tunnel data is sued , and specific guidance 
f or wind tunnel test ing is given [ 1 1 ] .  

5 
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boundary layer tunne ls ( i. e. ,  tunnels in which the exp ected natural boundary 
layer profile is modeled) [ 1 0 ]. Thus , additional procedures are needed in the 
des ign of s o lar collectors for wind loading. 

Techni cal guidance for solar co llectors from the national laboratories ( s ince 
the vast  majority of wind-related co llector developm ent is f ederally funde d )  
has allowed signi ficant flex ibility in des ign p rocedures. Bas ically , the 
recommended app roach com bines informat ion and gui dance contained in the ANSI 
s tandard wi th supp lemental informat ion from wind tunne l data on an individual 
or cas e-by- case bas i s .  The bigges t  problem facing collector develop ers has 
been that li t t le wind loading data and knowledge sp ecific t9 s olar collectors  
has b een avai lable. Hence ,  to sp e ed co llector developm ent , and to  take into 
account data as it becomes avai lable , the national laboratories have us ed an 
iterat ive , and interactive,  cons ensus approach to evo lve a s e t  of " be s t  es t i
mat e s " of exp ected wind sp eeds to use for des ign purp os e s. A lthough there has 
been cons iderable inte ract ion between the laborat ories and the contractors 
involved within a particular s olar technology , lim ited  int erchange acro s s  
s o lar technology deve lopment has occurred. A common reason given f or this 
app arent lack of coordination has been tha t each app licat ion is unique. Thi s  
i s  a valid p e r sp e c t ive , e sp ec ially in the init ial development s tages. How
ever , suf f ic i ent inform at ion is now becom ing avai lable tha t wi ll as s i s t  all 
s o lar techno logies. Table 2-1 shows critical des ign wind sp eeds currently 
be ing recomm ended for des ign purp o s e s. 

I t  should be noted that the various solar technologies have diff erent des ign 
requirem ents and philosophies. For ins tance , survival in high winds is always 
an is sue , but deformat ion under loading is a major concern wi th heliostats  and 
di shes. In fact, for helios tats the high s t iffness requi rements to maintain 
the app rop riate orientat ion usually result in a structure that can eas i ly sur
vive the wo rst s t orm condition in the s t ow conf iguration. With trough co llec
tors , the point ing accuracy requirem ent s during op erat ion are more than an 
order of magni tude less than thos e  for heli o s t at s ,  and the c on trolling des ign 
condit ion is survival. With parabo lic dish e s , both pointing accuracy/ t racking 
and survival app ear to be equally c rucial des ign drive r s , but at t.he p r e s ent 
the slew-to-s tow condit ion is the ma jor concern. 

The bulk of the wind loading data gathered for the vari ous so lar techno logie s 
has focus ed on the mos t  fundamental problem first; i.e. , that of det erm ining 
the loading induced by mean wind velocities. S t ruc tural and dynamic interac
tion problem s  have not been central in any of the num e rous U. S. exp erim ental 
s tudies; nor has the effect of gus t s. However ,  as the need ari s e s , the m o re 
comp lex dynamic p roblems are exp ected  to be addressed  in future work. A dis
cuss ion of p revi ous wind-loading s tudies follows. 
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Table 2-l. CRITERIA CURRENTLY IN USE FOR THE DESIGN OF SOLAR COLLECTORS 

Coll ec tor 
Technol ogy 

Maximum sur vival wind 
speed , m/ s (mph ) 

Des ign wind speed f or 
normal operat ion , m/ s (mph ) 

Maximum w ind speed dur ing 
which c oll ec tor mus t  tr ac k ,  
m/ s (mph) 

S tated or impl ied mean 
r ecurr enc e  internal , yr 

aRef er e nc e  1 3 . 
bRe fer enc e  1 4 .  
cR e f er enc e 15. 

Hel iostats( a )  

( s tow e d )  
4 0  ( 9 0 )  

1 2  ( 27 )  

22 (SO ) 

100 
( extr em e )  

dRec ommendation i n  Ref er e nc e  1 6 .  

Tr oughs( b )  

( s tow e d )  
3S (80 ) 

1 1  ( 2S ) 

2 2  (SO ) 

2S 
gr ound mounted 

so 
r o of mounted 

(extr eme ) 

D ishes(c ) 

( s tow e d )  
4 4  ( 1 0 0 ) 

1 6  ( 3 6 )  

1 6  ( 3 6 )  

100 
·(extr eme ) 

Phot ovol taic( d )  
Arrays (Nontracking ) 

Based o n  1 0 0-yr 
mean r ecurr enc e  at site  

Based on 2S-yr 
mean r ecurr enc e  at site  

Not  appl ic abl e  

'� 

2S 
( oper ating ) 

100  
( extr eme ) 
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SECTION 3.0 

METHODS OF DETERMINING WIND LOADING 

Analyti cal work on bodies in ai rf low fie lds has been very limit e d ,  dealing 
mainly with simple geometric configurations and relative ly low flow rates and 
corresponding Reynolds ( Re )  number s .  This i s  because of the complexiti es o f  
turbu lence and it s int eraction wit h  structure . Thus , most work on ai rflow has 
been highly empi rical.  Unlike the aerodynamics of streamlined bodi e s ,  whi ch 
is highly developed for aeronautical applications , the ae�odynami c s  of blu f f  
bodies i n  tuFbulent shear flows invo lves the nonlinear int eraction of nonho
mogeneous , nonuni f orm , turbulent approach-flow wit h  three-dimensional turbu
lent boundary layers and separat ed f lows over the body. None of these complex 
f low type s  is wel l  des c ri bed even when unperturbed by the others [ 2 ] .  There
fore due to the number of variabl e s , the result s  of a parti cular study are 
di f fi cult to  generali z e ;  thus many studi e s  are often needed to  charact eri z e  
all o f  the operative phenomena. 

To dat e ,  considerable combi ned analyti cal and testing work on air flows around 
bluff bodi es and flat p lat es in two dimensi ons has been done . M ore recent ly ,  
dat a  collection and analysi s  for complex three-dimensi onal f lows has recent ly 
been di rect ed at solar collectors [ 5 ,  1 7 , 1 8 , 1 9 ] . M o st experimental analyse s  
have focus ed o n  a range of siz e s  from 1 /  60-scale to  full-scale t est s .  The 
result s  of these analyses wi ll be di s cus sed below. 

3 . 1  DATA PRESENTATI ON 

In either full-scale or model experimental studi es , data is usually taken so  
that loadings can be expres s e d  in t e rms of f orce coeffi cient s  defined by 

S-roMENT 

FO RCE 
qA 

MOMENT 
qM 

( 1 )  

where C ( )  is  the coeffi ci ent , q is  the " dynami c  pres sure , "  A is  an appropri at e  
area, and � a charact eri sti c length.  The dynami c pres sure q may be expres s ed 
by 

wher e  

1 2 q = 2 Pu 

P = mas s  density of ai r stream [ equal 
( 0 . 00238  s lug s / ft 3 ) under standard conditi ons ] 

u ve locity. 

9 
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Any consi stent s et of definitions may b e  used for A and t. For exampl e ,  an 
accept ab le s et of definitions is 

Helio st at Trough Di s h  

Co l le ct o r  Hei ght (H) Colle ctor Ape rture Principal Dish 
Width ( C) Diamet er D 

A H • Col lector Width (W)  c . Co llect or L ength ( L )  1TD2 

-4-= H • w = c • L ,, 

Because of excessi ve costs (associ at ed with b oth the syst ems and component s  
b eing t est ed a s  well a s  the scope of the avai lab le faci liti es ) ,  the use of 
sub s cale or model t ests from whi ch the loads on the full-s cale devi ce can b e  
inferred i s  dictat e d .  Thi s can b e  done by using the laws o f  dynami c  simi lar
ity and simulating the natural boundary layer winds in a wind t unnel in whi ch 
the force coe f fi ci ent s  would be identical for the mod e l  and prototype . Hence , 
in a valid simulati on, result s  o f  the test can b e  s ca led to  the full-siz e d  
prot otype by simply inverting Eq . 1 .  Thus , 

Force ( Prot otyp e )  

( 2  )/ 

M oment ( Prot otyp e )  

3 . 2 M ODE LING 

Modeling is at best an approxi mation to reality since all of the phenomena 
that are operative cannot b e  simulat ed simultaneous ly. Thus , tho se  aspect s  o f  
the proces s  that have the domi nant effect on the syst em o f  interest are 
modeled most clos e ly.  

* Care must be taken in as sessing di f f erent studies , where the vari ous preci s e  
definitions us ed for the moment arm and points o f  appli cati on must be clearly 
understood . Care must also be taken that the correct ref erence veJ. o city is 
us e d .  Sometimes the collect or cent er li ne i s  used [ 5 , 1 7 , 20 ] , at times the 1 0-m 
( 3 3- ft )  hei ght is us ed [ 1 6 ] , and at times the top of the co llect o r  is us e d .  
For example, ,  using a 1 / 7  power law for the velo city profi l e ,  and typical 
dimensi ons for a heli o st at of 4 . 5 m ( 1 4 . 8  ft ) for the midpoint , and 8 m 
( 26 ft ) for the t o p ,  the vari ous drag coeffi cients expres s ed in terms of the 
coeffi ci ent at 1 0 m ,  CnClO), would b e : Cn ( 4 . 5 )  = 0 . 8 0  CnClO) and Cn ( 8 )  = 0 . 9 4  
CnClO). Furthe r ,  some authors st rongly urge the use of a reference hei ght 
that is ass o ciat e d  with the structure , since thi s procedure tends to remove 
the effe cts of mean velocity profi le on the force or pres sure coeffi ci ent s  
( s e e  [ 2 1 ] ) . 
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Accurat e ly modeling the boundary layer requires that the vertical f low di s
t ri bution and the turbu l enc e intensity and spectrum in the wind tunnel match 
those at the site and that the Reyno lds number ( Re )  of the model and the pro
t otype be equa l .  In addition,  the scale model must b e  geometrically simi lar 
to its prototyp e .  If structural dynamic respons es are to  b e  modeled,  struc
tural stif fne ss (or elastic ) simi larity must also be maintai ne d .  A more 
det ai led di scussion of these requi rements and their implement ation in the wind 
tunnel environment is found ip nume rous references , such as [2 ] .  The dif fi
culti es in modeling all paramet ers are very great ,  and c ompromi s es are o ften 
nec e s sary .  Further , there are relatively f ew* wind tunnel faci lities capable 
of modeling the natural boundary layer winds at a speci fi� sit e .  There are , 
howeve r ,  a signi ficant number of faci liti es capable of performing aerodynamic 
loading on speci fic structures whe re the speci fic boundary layer structure i s  
not import ant and only approximat e total i oads are requi re d .  

U sually the vertical velocity di stri bution profi le of the flow velocity i s  
modeled fairly closely.  The vertical velocity profi le can frequent ly be 
repres ented by a p ower law relati on between the ve locity u at a height Z and a 
reference velocity u(z0 ) at a reference hei ght z0 : 

u ( Z )  

whe re n i s  an exp onent dependent on the local t errain roughness and other 
effects such as bui lding s  or tree s .  The reference hei ght Z0 i s  usually taken 
to  be 10 m (�33 ft ) ,  the hei ght at which much met eo ro lo gical data is  gath
ered.  .Mo st of the boundary layer t e sting for solar collectors has b een done 
with a profile  typical of f lat ,  open terrain (i . e . , n = 7 ) . ** Howeve r ,  vari a
tions o f  thi s  profile  have been studi ed in at least one rec ent test 
seri e s  [1 6 ] . 

Reynolds number is  usually not duplicat e d  in many of the boundary layer  wind 
tunnel test s ,  and it has never been matched in any of the subscale s o lar 
test s .  Thi s i s  because the required ve locities would b e  typica lly too hi gh 
( e . g . , approaching sonic velociti e s )  to  be practical ( e . g . , for a 1 /24- scale 
model ,  the model velocity would be 24 times the full- scale velocit y ) . How
eve r ,  this is usual ly not c onsi dered im portant ,  except possi b ly in conditions 
where a curved collector pitches such that the leading edge is c lo s e  to  align
ment with the st ream. In Re f .  5 ,  it was f eared that at this angle the separa
tion point could be st rongly R eyno lds numbe r  depend ent ,  causing li ft and 

*Only four faci liti es in or near the Unit ed Stat es are known to the autho r .  
The f our are locat ed at t h e  Colorado State University i n  Fort Co llins , Co lo . , 
the Vi rginia Polyt echnic al Institut e in Blacksburg,  Va . , CALS PAN , in Buf falo , 
N.Y., and Uni ve rsity of Western Ontari o ,  Ontari o ,  Canada. 

**Typical values  for 1 /  n are 0 .  2 8  for wooded areas and suburban locati ons , 0.  4 
for urban c omp lexes [ 22 ] .  

1 1  
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p it ching moment coefficient errors . This did not prove to be a s igni ficant 
probl em with the test s  for parabolic collectors , or any other collect ors . 

Researchers at C ol orado State University [ 2 , 23 ]  noted that there is usually a 
d iminishing eff ect when Reynolds numbe rs exceed 1 5 , 00 0 . To put

7 
this in per

spective , in the full-scale test Reynolds numbers can exceed 10 , and in the 
models they are oft en up to 105 ( i . e . , both signi f icant ly above 15 , 000 ) .  In 
addit i on ,  if the f low is extremely turbulent ,  the Reyno lds number dependence 
is further minimi z ed .  C oncurrence with this point of view was also reached on 
a recent heliostat study done in Japan [ 24 ] .  On the other hand , Peglow [ 1 8 ]  
has shown a possible Re number dependence for the various, scaled heliostat 
test s .  His data shows variat i ons of base moment coefficients of 0 . 62 at 
Re -:::. 1 07 t o  0 . ,9 4  at Re -:::. 10 4 ( i . e . ,  roughly a 50% increas e going from the full 
s cale down to 1 / 60th scale ) .  There are , however ,  a number o f  poss i ble 
d i f f erences that mi ght exp lain this apparent dichotomy , including large 
diff erences in tur bulence int ens ity factor , blockage [2 ,25 ] in the tunnel ,  and 
the boundary layer within the tunnel.  Further ,  tests done on s cale model 
phot ovoltaic arrays at dif ferent Re numbers show ve, ry small diff erences , but 
the range may be  too small ( 4  x 1 04 to 2 0  x 1 0 4 ) t o  provide conclusive 
evidence. Thus the is sue does not appear to be a moot point , and if great er 
precis ion is des ired than that whi ch is obtainable now, further invest igat ion 
wil l  be nee d e d .  

Turbulence int ensity (TI ) is defined a s  the root mean square of the f low 
velocity variat ions about the mean velocity ( usually as sumed to be free stream 
velocity)  divided by the mean velocit y .  TI is usually expressed  as a percent
age , and a typical value is 2 0% ( f or a 1 / 7-p ower boundary layer ) .  The con
s iderat ion of TI can be impo rtant if the variati ons and dist ribut ions of 
pres sure are important . Als o ,  recent experiments on f lat circular di sks [ 32 ]  
show increase s  in mean bas e  pre s sures for increases in turbulence . Further , 
the C SU people also call attent i on [ 1 6 , 1 9 ,  2 2 ]  to the fact that drag has been 
report ed to increase with increased  TI ( at constant Re numbe r ) . *  

Even though the turbulence int egral s cale is not modeled exactly in small
scale tests , this may not be a significant probl em [ 16 , 1 9 ] , because the dif
f erence experi enced by the prot otype and the model is usually not large . Fur
the r ,  the prot otype turbulence is often larger than in the 'wind tunne l ,  but 
the int e gral s cale within the wind tunnel is 2-3 t imes l onger than the model 
structure being teste d . * *  For cases  where an upstream collector disturbs the 
approach f low, d i f f erences in TI should result in a diminishing effect ,  s ince 

*It is interest ing to not e that if TI 
little or no change in drag is seen.  
body shapes . 

is held constant , and Re is varied , 
However ,  this may not be t rue for all 

**The turbulence scale and spect rum modeled in the tunnel often corre spond to 
subs cales of 2 00-300.  Further ,  the frequency spect rum during a test will 
typically corres pond to short-durat ion ( i . e . , on the order of one hour ) wind 
effects . Synoptic scale effe cts ( i . e . , extreme winds o ccurring once over 
s everal days or longer )  are not mode led . However the eff ects of extreme winds 
can be inferred by us ing statist ical methods with the test data.  
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the local TI wi ll be domi nat ed by the wake charact e ri sti cs of the upst ream 
object .  

Finally it should be not ed that wind tunnel test s gene rally investigat e only 
the charact eri stics of mean wind loads . Gust effe ct s  have been c onsidered t o  
the ext ent that turbulent structure i s  adequat ely modeled.  However dynami c  
aspects o f  the response are not modeled, nor are ext r eme gust loads . Dynami c  
response wi l l  b e  di s cu s s e d  later.  

,f 
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SECTION 4.0 

TESTING RESULTS AND PLANNED TESTS 

In the bulk of the t est ing done so  far,  the net loading on the so lar collec
t ors was det ermined experimentally us ing forc e  balanc e  techniques at the base  
of the structure to arr ive at the aerodynamic loading coeffic ients def ined by 
Eq . 1 .  Result s  of the test ing done for the variou s  concepts are present e d  
below. 

4. 1 HELIOSTATS 

Result s  from several rec ent works [ 6 , 1 9 , 26 ] indicat e  the present status of the 
test ing and understanding of wind loading on heliostat s .  Spec i f�c generaliza
t ions from the s e  test s  are that 

• From Ref . 6 ,  * dynamic eff ect s do not appear t o  play an import ant role 
in the survival capabilit ies of full- scale g las s / metal types of helio
stat s . Thus the st ructure showed no s evere airf low/ st ructural dynamic 
int e ract ions such as low- freq.uency vort ex shedding . Furthe r ,  the t est s 
indicat ed that mechanically induc ed stat ic disp lac ement are greater 
than the dynamic values by mo re than an order of magnitude , although 
thes e  test s  [ 6 ]  were performed for a limit ed number of orientat ions . 
However ,  d i scus s i ons with CSU people [23 ]  indicat ed that under certain 
condit ions it was pos s ible to induc e coupled modes of dynamic int erac
tion.  In  at  least one mo del test at CSU a failure occurred of the 
model . It should be remembered , however ,  that structural strength and 
r esponse s iin i lari ty 1vas not maintained in the model ,  and there is a 
pos s ibility of an aggravat ed-turbulenc e- int ensity ef fect in the mode l .  

• From Ref s .  6 and 1 9 ,  a wind f ence at the edge o f  a heliost at field may 
e f f ect ively lower the loads on the outer heliostat s .  Further , the data 
from Ref .  1 9  and discus sions with the CSU people [23 ] indicate that a 
load re duction down to one third or poss ibly one fourth of the load 
without the fence looks feasible.  Pitching moments and drag forces  
have been shown to reduc e  by 50% , up to an order of magnitude smaller 
than comp arable no- fenc e  case s .  The f ence height (�7 m full- scale ) ,  
porosity (�30% ) ,  and dist ance to the nearest heliost at were selecte d  
such that the free streamline graz ing the t op o f  the fence could not 
imp inge di rect ly on the inst rumented heliostat . 

• The veloc ity prof i les within a heliostat field are highly dependent o n  
helio stat orientat ion and dens ity [ 6 , 1 9 ] .  

• The effects of s lots [ 1 9 ]  between the helio stat mirror fac ets was found 
to be small in the range test e d .  Howeve r ,  the slot dimens ions cons id
ered \vere very small ( on the o rder of 1 or 2 in . ) c ompared 1vith the 
other heli o stat dimens ions . 

*Because of the lim itat ions of the test s ,  gene ra lizat ions from thes e  results 
may not be  appropriat e .  See  also Sec t ion 6 of this report .  

1 5  
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• The loads corresponding t o  the maximum uni form velocity f low ( no gradi
ent )  of ai r on an individual heli ostat can be accurat e ly predi ct ed by 
using a desi gn code approach, such as that pres ented in the Ameri can 
Soci ety of Civi l Engineers , AS CE Paper No . 3269 , Wind Forces on 
Structures [ 1 ]. 

• Result s  from a full-scale test ( 6 ]  of a DOE prot otype heli o stat in the 
NASA,  Ame s ,  40- by 8 0-foot faci lity we re as expected even though the 
t e st di d not att empt to mod e l  the natural boundary layer profi le or the 
turbulence expected in the fie l d .  The heliost at , whi ch is typi cal o f  
stat e-of-the-art heli o stat desi gns and i s  quit e simi lar in design t o  
the Barst ow devi c e ,  survived the full range of configu rati ons and wind 
speeds current ly speci fied ·for all h eli ost at designs with no damage t o  
any of the component s .  

4.2 PARABOLIC TROUGHS 

F or parabo li c  troughs ( 5 ] , two wind tunnel force and moment test s eri es were 
conducted on paraboli c  trough so lar collect or confi gurati ons. The two test 
seri e s  were conduct e d  in di f f erent flow fi e ld envi ronment s : a uni f orm-f low 
infinite ai rstream and a simulat ed atmo spheric boundary layer f low, with the 
models simulating a ground-mount e d  instal lation. The force and moment charac
teri sti cs of both i s o lat ed singl e-module troughs and of trough modules within 
array confi gurati ons have been defined ove r  operati onal and stow attitudes. 
The data from the two seri es of tests are generally in good agreement except 
at parti cular attitudes where speci fi c  inf luences  of the boundary layer veloc
ity profi le or ground effects as sume parti cular si gni fi cance with respect t o  
the load characteri sti cs. The inf luence o f  vari ous geometri c desi gn parame
t ers f or collect or modules and arrays has been est ablished.  

The result s  of thes e  two test seri e s  have led to the following conclusions : 

• The force s  and moments on paraboli c  trough collect or modules inc rease 
monotoni cally with mounting hei ght above the ground . 

• The peak forces and moments of indivi dual colle ctor modules increas e 
with aspect rati o up to rati o s  of 10 or greater. 

• Intermodule gaps as narrow as 6% of the aperture between end-t o-end 
collectors withi n a row are suffi ci ent to permit collect ors to function 
aerodynami cally as indi vi dual modules , effecti vely nul lifying any long
row aspe ct-rati o in f luence. 

• Collect or modules inst alled within large arrays , even tho s e  within the 
second row of an array , experience an interference effect that provi des  
a si gni fi cant reducti on ( 50%-60% ) of the peak lateral and li ft forces 
of the wind. 

• The int erference-induced load reducti on does not ext end to the collec
t or pitching moment , indi cating that a pres sure di st ri buti on change 
accompani e s  the int erf erence effect. 

• Appropri ate fence or berm confi gurati ons can provi de reducti on of lat
eral and li ft forces in perimet er rows equivalent to the interference 
effect within colle ctor arrays. 
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o A fenc e  or berm height of approximat e ly three-fourths the maximum col
l ector height provides the ma jor fract ion of the force reduction 
achievabl e .  

o The combined effe ct s  of boundary layer profile and ground blocking * are 
dramat ically shown for p it ching moment when compared with the smooth 
f low tunnel dat a .  

4.3 PHOTOVOLTAIC ARRAYS 

,J 

Ref erences 16 and 27 along with in-house work at both Sandia Nat i onal Labs 
Albuquerque { SNLA) and the J et Propuls ion Labo ratory (JPL) repres ent the 
lat est effort in des igning opt imum st ruct ures for PV array s .  The results of 
these stud i e s ,  f or nont racking collectors , gene rally agree both qualit at ively 
and quant itat ively with the hel iost at result s .  The Sandia method in conjunc
t ion with Becht el [ 1 6 ]  has been to define a rat ional and int egrat ed approach 
to the des ign and opt imizat ion o f  PV collectors . The approach is similar to 
that suggest ed in the AN SI standard but it includes provis ions f or s it e  wind 
investigat ions and a risk crit erion s imilar to  that used in power plant s .  The 
method developed by J PL and Boeing [ 27) is also an int eg rat ed approach , 
although the ANSI  standard is not emp loyed . Rather a combination of test ing 
preceded by analys i s ,  to  dete rmine the load s ,  is ut ilized in conjunct ion with 
an in-house (JPL ) structural design and optim izat ion effort ,  along "lvith a 
reliability study . The basic conclusions from the wind loading port i on 
o f  [ 16 ] are : 

• The lift and drag coefficient s  of the arrays were shown t o  be relat ed 
to  the normal f orce coefficient ,  so  that only the values of the normal 
f orce and pit ching moment coeff icient s , CN and CMZ, are requir ed for 
the des ign of the struct ural supports of the array .  

• It appears that f o r  the range o f  practical des igns cons i dered ,  ne ither 
the height above the ground nor the poro s ity of the array has a large 
eff ect on the aerody�amic coe f f icient. 

• The effect of changing the individual array aspect rat io ( i . e . , between 
2 ,  3 ,  and 4) was not larg e .  

• The reduct ion o f  the wind loadings on either individua l  arrays o r  on an 
array field by porous f ences was ve ry large.  A 3 0% poro s ity fence with 
addit iona l  corne r fence reduces the maximum value of I CN I = 0 .  81 to  
ICNI = 0 . 3 3 at the edges of the field and to 0 . 27 in the center of the 
field . 

• In general , a solid fence was not as effect ive as a porous fence in 
reducing wind loading on structures.  

In  addit ion to  shmving cons i st ency with [ 16) ,  R ef s .  27 and 29  have shown that 

*As the collector is pit ched so that the bottom edge come s closer  to the 
ground , the stagnation point can move down; t ending to increase the moment , if 
the floH is restricted (or  blocked) by the ground . 
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• Larger t i lt angles for the arrays increase the protect ion to downwind 
arrays . 

• The theoret ical result s  over predict the loads experienced in the wind 
tunnel t est s .  

• Loads generat ed b y  unif orm wind loads are fairly close  t o  thos e  
obtained with b oundary layer winds .  

4.4 PARABOLIC DISHES 
,, 

There is a >vealth of des ign data for parab o lic dishes corresponding to radio 
antennae and 'te lescope applicat ions [ 3 ,  7 ,  30 ] .  D e s i gns for these devices , 
which are not int ended for mas s  dep loyment , have typically been very cons erva
t ive , s ince their funct ion required ext reme reliab ility and accuracy . 
However ,  b e cause of the many inherent diff erences in solar dishe s , the 
applicab i l ity of this data must be qu estioned . The data f or parab o lic so lar 
ref lect ors  appears to be limit ed to  ext ens ions of the s e  data. Further , most 
t e st ing on parabo lic d i shes has b een done for b oundary laye rs that do not 
s imulat e  atmos pheric boundary layers .  The author is not aware of field-eff ect 
and/ or b arrier studies of parab o l ic dishes for so lar applicat i ons . ·  However ,  
b e cause the dat a that is current ly in use [ 3 1 ] appears at least qualit at ively 
c ons i st ent with data f rom other so lar techno logie s ,  much of what has been 
l earned from these other techno logies appears applicab le . It is  clear , 
though ,  that future test ing should include test ing of parab o l ic d ishe s , 
e specially in the field . 

4.5 FUTURE TESTING 

Th ere is a limit e d  amount of t est ing b eing planned for the near future . IHth 
heliost at s ,  f i eld inst rument at ion for the Barst ow facility is b eing invest i
gat e d  and p lanned for future field test ing . At this po int in t ime , wind 
velocity measurements at s everal points within the field are p lanned ,  and 
s everal heliostat s  will be instrument ed with mult iple load cells mount ed under 
the mirror module s .  This shoul d  result in a good indicat ion of total loads as 
well as gros s  pressure distribut ion variat ions . 

Parab o lic t roughs have b een inst rumented in the field at Hillard N . M ex. , t o  
measure lat eral and lift wind loading . S ome o f  the inherent di ff icult ies  with 
fi eld test ing were encount ered when only s even hours of applicab le data were 
collected  over a four month period due to  the vagaries of the wind . The data 
has not yet been analyzed.  On- s ite pres sure distribution tests on troughs are 
now b eing planned for the Cool idge experiment in Ariz ona . Wind tunne l tests 
are also being planned to compare wi th the fie ld test s .  

The Boeing Co . ,  under contract t o  the Jet Propuls ion Laborat ory , i s  cur
rent ly [ 29 ]  comp let ing pressure dist ribution tests on phot ovo ltaic arrays t o  
conf irm previous theoret ical >vork [ 2 7 ] in support o f  their structural opti
mizat ion effort s .  S imi larly , Sandia is planning pres sure distribut ion test s 
to  support their effort s .  
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SECTION 5.0 

SOME aHPARISONS OF DATA ACROSS SOLAR TEaiNOLOGIES 

5.1 LOADS 

It i s  int eresting to  compare data for the vari ous solar confi gurations , along 
with data f or the classi cal f lat-p lat e  shape given in Ref .  1 .  Table S-1  (with 
Fig .  5- 1 )  sho1vs a compari s on of lift , drag , and moment coeffi ci ent s  for vari
ous s olar confi gurations along with the flat -plate dat a .  it is seen that the 
coeffi ci ent s vary most for lift and moment . For comparative purposes , the 
corresponding average drag-induced p re ssures on the vari ous concepts are shown 
in Fig .  5-2 .  

The loads corresponding t o  the maximum uni f orm (no gradi ent ) ve locity f low of 
air on an indivi dual heli o s  tat [ 6 ]  agreed with the desi gn code approach such 
as that given in [ 1 ]  thi s  same generali z ation app ears consi stent with the data 
on phot ovolt ai c  arrays . Limited theoreti cal analysis [ 2 7 , 2 8 ]  indicat e s  
qualitative agreement but si gni fi cant overestimat es o f  the laods occur as 
appli ed to photovoltai c  arrays . 1bis is  due primari ly to the inabi lity t o  
predi ct the correct pressures on the downwind side o f  the collect o r ,  which is 
in turn beli eved to be caused by ground effect s .  

5.2 COLLECTOR/FIELD CONFIGURATION - IMPACT ON LOADS 

.Testing performed to  dat e  indi cat es the potential f or signi fi cant reductions 
of  pres ent ly us e d  design crit e ri a .  Result s  for model e d  fields of heli ostat s , 
troughs , and PV arrays have shown signi fi cant load reducti ons on the drag and 
lift forces on nonperimet er collectors of the array and for all co llectors 
when a f ence or barrier is  used . *  This is consi st ent with classi cal theory of  
f low over a barri er (for  examp le , see  [ 27 ] ) :  the barrier  causes the st ream to 
li ft and reattach at some point downst ream. ** �y protecting the fi rst wind
ward row of colle ct ors  from the free st ream , subsequent rows can propagat e  the 
li fti ng of the f ree stream over the enti re fie l d .  In general , the tests taken 
in t oto show that drag and normal load reducti ons of a factor of three or pos
si bly more seem f easible for an approp ri at e ly desi gned fi eld and fence sys
t em .  Signi ficant reducti ons i n  pit ching moment s  also seem attainable for 
heli ostat s ,  but moment reducti ons for troughs were not evi dent in the dat a .  

The following result s  were demonst r�t ed i n  the vari ous t ests : 

• Fenc e s : F ences are,  in general , most effective for the nearest rows 
and provi de shi elding eff ect s  on a magnitude simi lar to internal array 

*It should be not ed that collector deve lopers to dat e have not claimed a credit 
for possible force or moment desi gn load redu cti ons resulting from barri e rs or 
shielding . 

**Fi lms taken during many of the test s  in whi ch smoke was inject ed into the flmv 
were oft en used to  pi npoint areas where instrum ent ati on would be mo st 
benefi cial . Frequent ly the s e  films also confi rmed the expect ed flow patterns . 
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Table 5-l. TYPICAL EXPERIMENTALLY DETERMINED MAXIMUM FORGE AND MOMENT COEFFICIENTS FOR 

VARIOUS INDIVIDUAL SOLAR COLLECTORS SUBJECTED TO "STATIC" WIND LOADINGa�
b 

Coeffi ci ent 

L at eral L oad 
CD (f3 = Oo) 

CD (f3 1 8 0° )  

Li ft L oad 
CL (f3 = oo) 

M oment Coeffi cient 
eM (f3 = oo) 

z 

eM (f3 = 1 80° ) 

Flat Plat e [ 1] 

1 . 2  

1 . 2  

0 . 90 
(a = 155° ) 

- 0 . 90 
(a = 35° ) 

- 0 . 1 2  
(a = 30°) 

0 . 1 2  
(a = -30° ) 

Heli ost at [ 6] 

1 . 1 8 

1 . 0 

0 . 90 
(a = 155° ) 

-0 . 90 
(a = 35° ) 

- 0 . 2 1 
(a = 30° ) 

0 . 1 3 
(a = 30° ) 

aSee Fig .  5- 1 for definitions of geomet ry and force di recti ons . 

T r ough [5] c Dish { 7] d 
-
1 . 44 / 1 .5 

1.05 1 . 0  

2 . 0  0 . 25-0 . 30 f 
(a = 150° ) 

- 1 . 2  - 1 . 4  
(a = 30° ) (a = 35° ) 

- 0 . 30 - 0 . 05 
(a = 45°, 1 8 0° ) e (a = 40° ) 

0 . 1 75 + 0 . 1 2  
(a = 30° ) e (a = 0° ) 

�oment s  are taken with resp e ct to  the attachment or pivot p oint ,  whi ch for simpli city i s  
assumed coinci dent with the cent e r  (i n the heli ost at cas e )  or the surface ap ex (in the di sh 
and t rough cases ) .  In real hardware cases, there will be s ome amount of o f f s et, whi ch must 
be care fully consi dere d .  Further , dat a very oft en is gi ven for moment s at the base  of the 
st ructure . I n  thi s  case, the re sulting moments from the li ft and lat eral J, oads must al s o  
b e  consi dered. For exampl e ,  see Ref .  6 .  

"" 

c9 0° rim angle l ength/ ap erature = 3 . 75 .  
d75o rim angl e ,  di sh depth/ di amet er = 0 . 20 .  
eThe s e  relatively hi gh values for the pit chi ng moment app ear t o  be caused p rimarily by 

combination of boundary l ayer and ground effect s .  
fs ee Ref s. 3 (pp . 294 , 2 95 ) and 3 1  (pp . 3-4 8 ) .  
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• Heliostats 

• Troughs 

A. Dishes 

* 

1000 20.88 

� � a.. 
Ill. 

'E 
....... 
z 

\ 

100 

Dynamic Pressure 
q = V2 pu2 

2.08 

"' 
-
-....... 
..Q 

Maximum Normal 
Operational Conditions 

for Accurate 
Survival (in 

stowed condition) fackin/ 

Maximum 
Operational 
Conditions 

10 1------..l..-l....l---.l---L---1----l----'-----l.--.l------" 0.208 

0 10 

(22.4) 

20 

(44.7) 

30 
(67) 

Velocity u, m/s (mph) 

40 
(89.5) 

50 
(112) 

m/s 
(mph) 

• These levels are shown for comparative purposes only and should not be reached in practice. In the stowed 

configu ration, the load normal to the collector surface should be much lower. 

Figure 5-2. Typical Dynamic Pressure and Maximum Drag Per Unit Area vs. 
Wind Speed Showing Typical Collector Design Criteria (Drag 
Coefficients from Table 5-1 are Used) 

22 

. _, .. f 

• 
• 

I 

• 
• 
• 

n 
•• 



S=�� ,.; ---------------------------=-TR:.:..-...;:8_;:1..;:.2_ 
-� �� 

shi e l ding ( 1 6 , 1 9 , 2 6 ] . *  Porous f ences we re more effect ive ( 1 6 , 26 ]  than 
s o li d  fenc e s ; the porosity t ended to help break up the vortices behind 
the fenc e ,  and the solid f ence at times t ended to lift the stream such 
that the nearest arrays would be locat ed within the vort ex behind the 
f ence. A porosity of s omewhere between 3 0% and 40%. s e ems optimal. 
F ences short er than the cent e r  line of the collector were signi ficant ly 
less e f f e ctive than higher one s ,  but f ew i mprovements ivere seen for  
f ences mu ch higher than 0 . 7 5-0 . 9 0 of the  maximum collect or 
hei ght [ 5 , 1 6 , 2 7 , 3 2 ]  for heli ostat s ,  troughs and PV arrays. Fences are 
less effective for abnormal winds [ 1 6 ]  and sharp corners can cause vor
t ex c onvergence ( from the two sides ) ,  bringing hi gher momentum f luxes 
just ip. si de the f ence down ont o collect ors clo s e st to  the corner .  Thi s  
prob lem was eliminat ed in more recent t e sting by using f ence junctions 
with les s  abrupt corners. A ls o ,  fences  were shown to have some benefit 
of reducing channeling effect s  between rows of arrays [ 2 6 ] .  For heli o 
stat s  [ 1 9 , 26 ] , pitching movement s  and drag forces were typi cally 
reduced by 50% or more ( sometimes up t o  an order of magnitude ). For PV 
arrays , the effect was s omewhat more dramatic ;  reducti ons of 60% and 
more were s een [ 1 6 ] .  The effect on troughs was simi lar t o  that for PV 
arrays as far as the normal f or ces  go , but moment s were not simi larly 
reduced. 

e Spacing effects : In general , both the shape and density of the array 
packing is si gni fi cant. For heli ost ats and PV array s ,  when arranged in 
rows , channeling effects >vere obs erved [ 2 6 ] . In Ref. 1 9 ,  it was shown 
that if more than one heli o st at obstructs the wi ndward f low, 5 0% reduc
tions in peak forces and movement s  were seen. Much less effect was 
s een when only one heli o st at imp eded the flow. One very noti ceable 
eff ect in Ref. 26 was that the dense ( 7 0% GCR)i< * packi ng arrangement 
result ed in signi fi cant ly hi gher ground turbulence as compared to the 
less-dens e case ( 1 5% CCR). The turbulence int ensitie s  >vere oft en 60% 
and 2 5% ,  respective ly. 

• Ti lt. The orientati ons of the vari ous concepts co rrespondi ng to the 
maximum loading conditi ons are gi ven in Table 4- 1 .  No rmal loads on the 
collector faces , increas e with increasing angle of att ack (bluf f face 
windward) to a maximum at a 9 0° angle of attack (this also corresponds 
to the maximum drag condition ). Als o ,  according to  [ 2 7 ] , the larger 
angles of attack tend to increase prot ecti on for downwi nd arrays , by 
ext ending the wake regions in whi ch large decreases in st eady st at e 
f low velocity o ccur. 

*Indivi duals at Sandia (Live rmore ) have expre ssed  the concern that fences  and 
fi eld prot e ction may not ultimat e ly si gni fi cant ly reduce the survival loads on 
the he li o st at s  in the stow condition. Thi s  is because the heli o stats located 
far f rom the t owes are much more wi dely spaced than the close  in heliostats. 
Further , the stm.; configurati on offers the l east wind resi stance and least 
t endency to break up and miti gate the approaching boundary layer. Thes e 
effect s  need mo re study. Thei r impact however wi ll not be as signi fi cant with 
troughs , di she s ,  and fixed phot ovo lt ai c  arrays. 

**Typical average ground cover rati o s  (G CR) bei ng us ed for solar thermal system 
st udi es are 2 2% for heli o stats and 3 3% f or both dishes and troughs. 
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• Slots and gaps. S lo ts and gaps up to 10% porosity in the array itse l f  
had minimal bene f i cial effe c t s  on he liostats and PV arrays [ 1 6 , 1 9 ]. A 
le ss than 10% dec rease in normal force was seen f or a 10% porosity. 
Gaps had a much gre ater impac t  on troughs. A gap of only 6% of the 
aper ture w i d th allowed the co lle c t ors to act indepe ndently ( like an 
infini te gap ). P oros itie s  of up to 50% were inve s tigate d for parabolic 
d ishe s  [ 7 ]. At this high poros i ty ,  a 25% decrease in the peak moment 
was obse rve d  and a 50% de crease in the peak ax ial force was obse rved. 

• A s pe c t  rat io. The e f fe c ts of various aspe ct rat ios f or he lios tats and 
PV arrays (whe re aspe c t  rat ios of 2 ,  3 ,  and 4 we re trie d )  was inconclu
s ive [ 15 ]. With t roughs that have the convex s i de windward ,  it 
appeare d that an aspe c t  rat i o  of 10 ( colle c tor length / colle c tor aper
ture ) te sulte d  in force s  and moments close to those for an inf inite 
aspe c t  ra tio. With the concave side windward , troughs wi th aspe c t  
rati o  o f  10 s t ill  exhibite d  lower drag than that expe c te d  for an 
inf inite aspe c t  ratio. 

• Colle c to r  height mount ing: The effe c t s  of mount ing PV colle c t ors  and 
troughs at diffe re nt he ights [5 , 1 6 , 20 ]  we re s tudie d. In both cases the 
f orce s  incre ase d mono tonically wi th height , and the rate of incre ase is 
fairly close to that ex pe c te d  due to the change in the ve loci ty profile 
with hei ght , but varied somewhat for various angle s of attack . The 
normal force on PV arrays and the parabolic troughs at zero angle o f  
attack bo th conforme d qui te close ly t o  the he igh t ve locity re lation
ship. The mos t  dramatic impact of he ight appeare d  to be wi th the 
p i t ching moments on parabolic troughs. The da ta in Ref. 5 shows that 
the pit ching mome nt ( not mome nt coe f f icie n t )  can change by more than a 
fac tor of four ( decre a s ing in abso lute value ) as the he ight above the 
ground varie s from 0.75 to 1. 25 ape r ture widths. With furthe r  
increase s  in he ight , the pitching mome nt appears t o  increase (absolute 
value )  mono tonically. Thi s drastic variation in mome nt is probably 
caused by ground e f fe c t s  (e. g. , blockage and increased turbule nce ) ,  
s ince in an ide al condition one would ex pe c t  the mome nt to increase 
mono t onically with height according to tl�e boundary laye r  va riation. 
This is cons i s tent wi th other data in Re f. 5 ,  whe re the max imum pit ch
ing moment measure d  in the boundary laye r  tunne l is th ree t ime s large r  
than the c orre sponding mome nt in a smooth flow tunne l  te s t. This last 
pie ce of data indica te s  the signif icant impact of the combine d  ground 
and boundary layer e f fe c t s. 

C lear ly ,  the issue of load reduction is no t t o tally re so lve d. Many of the 
te s t  re sul ts are e i ther only qualitative or at least ve ry diff icult to ex tend 
to colle ct ors  of any arbit rary conf igura tion and placeme nt. Howe ve r ,  the 
re sul ts of the various te s t s  are remarkably cons i s tent and indicate that a 
very s t rong e f fort should be made to take advantage of bo th fie ld 
conf igurations and fence e f fe c ts in the de s i gn of so lar co lle c tor systems. 
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SECTION 6.0 

DYNAMIC TESTING 

The majori ty of the wind tunnel te s t s  on co lle ct ors have not yet addre s se d  the 
dynami c-flui d structural-inte rac ti on problem.  As state d  earlier ,  the boundary 
laye r  tes ts in wi nd tunne ls gi ve a good repre sentati on of the mean ve loci ty 
profi le s  and the resulti ng average loadi ng coe f fi cients  corre s p onding to ri gi d 
s t ructure s .  Howe ve r ,  some dynami c  aspe c ts of the wind , su.�h as ex treme gus t
i ng ,  are not modele d ,  and the turbule nce scale and spe c trum i s  only approxi 
mate d .  Furthe r ,  o s ci llatory moti on of the structure induced by both pe ri o di c  
and ape ri o di c  force s  has no t been mode le d .  

The dynami c  re sponse o f  the s t ructure i s  i mportant , si nce the flui d dri ving 
force s  can occur at a freque ncy at or near one of the sys tem ' s  natural fre
que ncies .  If thi s  occur s ,  damage and subse que nt catas trophi c collapse can 
occur . The ma jor type s of re sponse i nduce d in the s truc ture depend on the 
nature of the f lui d dri vi ng f orce s  and can be categori zed as vortex ex ci ta
ti on , galloping ex ci tati on ,  flutte r ,  gus t , and \vake buf fe ting ex ci t ati on.  In 
general all of the se ex ci tati ons , ex cept f or gus t re sponse , re sult in de f orma
ti ons that are perpendi cular to the flow. Furthe r ,  vortex ex ci tati on ,  flut 
ter ,  and wake buf fe ti ng can be sus tai�ed and i ni ti ated i n  s teady turbulent 
f low. Hence , although the dynami c mode li ng problem i s  si gni fi cantly more 
complex than the s tati c  mode li ng problem, the opportunity exi s t s  f or learning 
consi de rably more i n  wi nd tunne l faci li ties . *  A brie f de scripti on of common 
f orms of each of the se phenomena i s  given in Appendix A; detai ls of si mple 
ex amp le s can be found in basi c engi nee ri ng tex ts such as Re f s .  3 and 33. 

The Japane se s tudy [ 2 4 ] , whi ch repre sents the only aeroe lastic s tudy so far on 
s o lar colle ctors , looke d  at bo th s tati c  and dynami c e f fe c t s  on heli os tats in 
wi nd tunne l  tes t s .  No fence s or barriers were consi de re d ,  and s tati c  re sults 
agree ve ry well wi th re sults  from U . S .  heli os tat wi nd tunne l  te s t s . The 
ex tensi on of the ir work i nto dynami c  aspe c t s  provi de s  addi ti onal i nsi ghts . In 
thei r tes t s , stati c  de formati ons were · reduce d by a fac tor of fi ve for arrays 
as compare d  to si ngle heli ostat s .  On the other hand , the dynami c  de f le c ti ons 
( due to wake buf fe ting )  \ve re often fi ve ti me s  greate r  for a multi p le array as 
compared to a si ngle he li o stat . S ti ll the worst s tatic de f le c ti on (i .e . ,  for 
a si ngle he li os tat ) "\vas about twi ce as large as the wors t  case dynami c de flec
ti on (i .e . ,  for the array case ) ,  so fie ld shie lding appears to provi de a si g
ni fi cant bene fi t .  The se las t  re sults  are also consi s tent wi th Peglow ' s  [ 1 8 ] 
observati on that the dynami c  o s ci llati ons of a si ngle full-scale he li o stat (i n 
a s teady smo o th-f low te s t )  were an orde r  of magni tude lowe r  than the s tati c  
de formati ons . ** 

*Compli cati ons ari se from the nee d  to s cale ove rall struc ture mas s  and 
s ti f fne s s  wi th geome t ry, as we ll as the comp li cati ons associ ated wi th mode li ng 
the mi crostructure of the wi nd . 

* *I t  should be note d  howeve r tha t thi s consi s tency may be somewhat fortui t ous 
b.ecause of the vastly di ffe rent te st condi ti ons (i .e . , turbulence , scali ng ,  
e t c . ) .  
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Mode rn nume rical computer me thods make mos t  of the atte ndant s t ruc tural prob
lems readi ly tractable when the loads are known . * Howeve r ,  the de taile d  sur
face loadings and ex citat ions are not o f ten easily pre dicte d ,  as ex plaine d  
earlie r .  Hence , for colle c t or s ,  more sophis t icate d  tes t ing , incorporat ing the 
wealth of ex i s t ing knowle dge in the building industry, will probably have t o  
be devise d .  A n  ex ce llent descrip tion o f  applicable dynami c  te s t ing capabili
t ies at the CSU facility is give n  in Ref .  2 2 .  

\ 

*Many of the colle c tor de s igne rs have done dynamic analyse s of the i r structure 
under assumed loading cond i tions . 
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SECI'ION 7.0 

RECOMMENDATIONS 

It is c lear that the re are many unce rtaint ies yet to be re solve d  before we can 
accurate ly pre dict  the loading on s olar colle ctors . Becau se of the complex ity 
of the problem, the se unce rt aint ie s  are not apt to be re solve d  to tally o r  
quickly . When cons ide ring small aggregations of solar colle c t ors , i t  doe s no t 
appear cos t-e f fe c t ive to try to  deve lop that unders tanditng .  Howe ve r ,  the 
potent ial for reducing the de s ign wind load on large colle ctor fie lds by a 
factor o f  twb or more can be quite attractive .  Base d  on the cons istency o f  
the pre sent data , it appears that barrie r  and fie ld shie lding may be an area 
where an  unde r s tanding applicable to a number of so lar techno logie s  would be 
quite bene f icial and feasible . Spe ci f i c  recommendat ions are tha t 

• F ie ld data on full-scale tes ts are needed to corre late and ve rify pre dic
t ions de rive d  from analysis and those inferre d  from results  of subscale 
t es t s .  There is no s trong quantit at ive indication of e i ther the adequacy 
or the degree of conservat ism in current design approache s  for wind load
ing . Howe ve r ,  even though f ie ld information is limite d ,  one has to be 
s omewhat encourage d  by the ove rall struc tural inte grity exhibite d  by col
le ct ors in the fie ld to date . 

• The value of fence s in reducing loads on colle ctors nee ds to be quant ifie d  
t o  the ex tent that we can spe cify bounds on use ful fence he igh t ,  poros i ty ,  
and distance from the fie l d  [ 6 , 1 9 ] . A ls o ,  for a low-dens ity fie ld ,  the 
p o s s ibility of inte rnal fence s  or more close ly packe d  rows should be 
inve s t igate d .  Thi s may take the form of addi t ional tes t ing pre ceded by 
appropriate cost  trade-offs that cons i der opt ions such as e limination o f  
he liostats a t  the far edge ( low-density ) areas of the fie l d ,  the addi
t ional blockage due to moving he lios tats close r  toge the r  to  provi de mutual 
prote ct ion , and the addi t ion of fences wi thin the fie l d .  Fie ld-e f fe c t  
t e s t s  o n  ex i s ting facilitie s  such a s  Barstow and the Sandia CRTF are being 
deve lope d  to corre late with wind tunne l te s t s .  

• The re i s  a discre pancy in the moment data be tween the small-scale and 
full-scale he liostat tes t s .  This could be due t o  a Reynolds numbe r e ffe ct  
and should be inve s t igated to the ex tent of de te rmining whe ther the trends 
within the data se t for the small-scale te s t s  are affe c te d .  It  would be 
advi sable to run a se rie s  of te sts  with seve ral s cale mode l  s izes in the 
same facility ove r  a range of Reynolds numbe rs .  

• The full-scale >vind tunne l  tes t s  pe rforme d  on a McDanne l  Douglas de s ign 
he lios tat we re conducte d  with a unif orm ve locity profile .  Scale tes t s  for 
both uniform and powe r-lmv profiles are nee ded to check f or repeatability 
and ve locity profile depende nce . Turbulence inte ns i ty may also be qui te 
important • 

• The pre dom�nygt thought is tha t an ex pone nt of 0 . 1 5 ,  for ins tance , vh = 
V 30 (h/30 ) • , should be use d  for open terrain . Data from the Sandia 
wind powe r  facility at A lbuque rque [ 1 8 ]  indicate s that this is a good 
ave rage value , al though it should be no ted that this exponent varie s  as a 
funct ion of wind spee d ,  atmospheric s tabi lity ,  and surface roughne s s . 
A dditional data from the fie l d  is nee ded to adequate ly bound thi s 
problem. Thi s  profile is re levan t for the windward side of the fie ld but 
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is totally inadequate inte rnal to the f ie ld or ' behind the barrie r .  
o f  corre lat ing turbule nce and boundary layer pro file inte rnal to  the 
with that of the approach f low is needed .  

A way 
fie ld 

• The e f fe c t s  of gus t s  or increased turbule nce internal to  the f�e l d  and the 
associate d  additional loading on the s t ructures should be thoroughly 
unde r s t oo d ,  and gui de line s  should be deve lope d  to aid de s igne r s . This is 
e s pe cially importan t ,  s ince increase d  turbulence will tend to mitigate 
some of the mean load re duction bene f it s  gaine d  from fence s and othe r  
barrie r s .  

• Proce dure s t o  as se s s  dynamic inte ract ions be tween the wind stream and the 
,, 

ref le ct or s tructures over a wide range of orientations and conf igurations 
need to b� deve lope d .  Thi s  is because the powe r  dens ity spe c t rum of typ
ical wind profiles shows cons i de rable power avai lable in the range that 
can ex cite natural frequencie s  in typical colle c tor structure s .  The se 
dynamic e f fe c t s  may also le s sen some of the bene f i ts from barriers and 
shie lding . 

• Hany of the wind tunne l s tudie s  have been conducte d  at turbule nce scale s  
of 1 : 25 to 1 :50 in boundary laye rs that are scale d  in the range 1 : 200 to 
1 :500 ; the effe c t s  of whi ch have no t been examine d .  A dd i t ional study is 
nee ded to de te rmine the influe nce of turbulence intensity and scale on 
ae rodynamic coe f f i c ients of bluff bodie s  in a turbulent shear flow at the 
above scale s .  

• A more detaile d  analys i s  o f  ex i s t ing solar colle c tor w·ind tunne l  data is 
nee de d  to  re s olve apparent anomalie s .  For examp le , the re lat ive ly large 
rolling moments in the he liostat and trough te s t s  are currently unex 
p laine d .  Fur the r ,  the wealth of conventional data re late d  to bui ldings 
should be as se s se d  for po s s ible applicat ion to so lar colle c tors , e s pe 
cially the data corre sponding to gus t ing and o ther dynamic e f fe c t s .  

• Wind tunne l  proce dure s  for full-scale and mode l so lar colle ctors should be 
s tandardize d  whe re feasible .  For instance , s tandardize d  re ference 
he ight s ,  turbule nce intens i ty ,  pro file s ,  e t c . , would allow easier  compari
son of data. · Te s t ing in facilities \vi th s imilar characte ris tics would 
also minimi ze differe nce s in tunne l effe c t s  such as blockage . 

• A s tandard se t of de s i gn approache s ,  or gu ide line s ,  should be set t le d  on 
to  aid all solar te chno logie s .  A risk crite ria appropriate for so lar , 
backed up by s tatist ical analyse s ,  and combined with we ather s tudies at 
like ly site s  should als o be deve lope d .  Propo se d  alterations to the Al\fS I  
standard that allow the de s igner to apply additional data and informat ion 
should be supporte d .  

• The re curre ntly i s  a pauci ty o f  expe rimental data particular t o  so lar 
parabolic dishe s ,  al though some ve ry o ld data for radar di she s  is avai l
able . Fie ld and fence effe c t s  wi th dishe s  have no t been s tudie d .  
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APPENDIX 

A PHYSICAL DESCRIPTION OF SOME DYNAMIC . WIND EFFECTS 

VORTEX EXCITATION 

Vortex excitation (whos e  direc t ion is perpendicular to the flow direction) is  
caused by o s c illat ions of vort ices shedding in a periodic pat t e rn on alternat e  
s ides o f  the body. The vortices are caused b y  the separation of the flow from 
the body and produce a low-pres sure region just behind the s eparation point . 

\ 
\H th smooth bodies in st eady flow, the point of attachment changes with time , 
and the attachment and reatt achment process is periodi c .  S ince the low
pressure regions are produced with the same period as the format ion of the 
vort i c e s , a net force can result if the pres sure f orces are not balanced on 
bo th sides of the body.  The frequency (N� ) with which this flow separation 
takes place is determined by the " S trouhal ' relation and is exp lained in many 
t ext s , such as [ 33 ] . The Strouhal ( S )  number is given by 

s (A- 1 )  

where D is the cro s s  wind dimens ion,  and V is the mean velocity of the uniform 
f low. S ,  which is determined experimentally, depends on the body geometry and 
Reyno lds number , and typical value s  for a bluff body are in the range . 
0 . 1 2-0 . 1 5 .  \..]hen one of the natural f requencies of the body equals the fre
quency (Ns ) det ermined from the Strouhal relat ion , damage or catas trophic co l
laps e  of the body can result if the problem is not alleviated.  

This  phenomenon is obse rved qui t e  frequently wi th long cylindr ical structures 
such as smoke s tacks and suspens ion bridge cables . F rom a pract ical perspec
tive , there are numerous ways to alleviate or to elimina t e  the problem. Damp
ers , s take s ,  and shrouds have been frequently us ed to accomplish this [3 ] .  

Vortex shedding does no t appear to be a ma jor problem for solar collectors for 
a number of reas ons . Firs t ,  the re are s everal ways to alleviate or e liminate 
regular vortex shedding if it doe s  occur . Second , only flow that is edge-on 
to f lat collectors appears capable of providing a suffic ient dr iving force to 
support osci llat ions normal to bo th the flow and to the colle ctor surface . 
However,  the edge-on flow should result in limi ted regular periodic vo rtex 
shedding due to the dis s imilarities  be tween the front and back surfaces ( i . e . , 
caused by framing and other pro tuberanc es ) .  The differences that will 
increas e  turbulence will , in turn , tend to ab.ate  the regularity of the flow 
and vort ex excitation. 

GALLOPING EXCITATIONS 

As the name sugge s t s , this  kind of excitat ion is caus ed by an inherent ins ta
bility.  In this cas e ,  the force-velocity relat ionship is uns table . For wind 
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loading problems , gallop ing excitati ons are caus ed when the velocity of the 
s t ructure couples with the flow such that the net wind force is increas e d .  
This  will o ccur i f  the angle of attack ( resulting from the mot i on of the body 
relat ive to  the wind stream) causes the wind loading to increas e .  An example 
of this phenomenon is given in Ref .  3 for a parabolic dish. Also in [ 3 ] , 
S achs give s a numbe r  of generalizat i ons regarding galloping oscillat i ons : 

• Most s imple shapes have an unstable characteristic at some attitude , 
except  for a smo o th circular cylinder . 

• Galloping o s cillat ions cannot s tart from res t .  Wind gus ts usually 
s tart structural movement , and os cillat i ons then cont inu e .  

• The excJt ing f orce i s  small compared t o  that o f  vortex exc i tation . 
S t i f f  s t ru ctures are no t usually excited , and clas s ic examp les of 
o s c i llations are those  of long flexible cables.  

• The excitat ion occurs at  all wind ve locities . At  low wind veloci t ies , 
the relat ive wind angle is  large , and at higher velocities  the exci t ing 
force is  increase d .  I n  fac t , mos t  galloping osci llations take place at 
low to medium wind speeds . 

There i s  a conside rable body of informat ion on galloping oscillations of slen
der prisma t ic bodies [ 33 ] ,  but limi t ed app lication for structures s imilar to  
solar collectors has apparently taken plac e . 

FLUTTER 

F lutter is an aeroela s t i c  dynamic ins tability.  I t  is mo s t  commonly encoun
t ered when large aerodynamic loads occur lateral to the direct i on of f low. 
F lut ter invo lves the dynami c coup ling of more than one dynamic structural 
mod e--usually the bending and torsion mode ( e . g . , as in the deck of a bridge 
or an airp lane wing ) .  For this coupling to  occur , the deformation of the t\vO 
modes mus t  o ccur at the same frequency ( called the critical flutter fre
quency ) .  Thi s implies thai: the two model frequencies mus t  be fai rly clo s e  to 
one another in the init ial conf i gurat i on so that small variations in geometry 
can make the two . frequencies coincide . In Ref .  3 ,  Sachs shows how the cent er 
of twi st for a wing-like , f lat-p late s t ruc ture moves forward in a wind s t ream 
as the flow ve loci ty increas es . As the center of twi s t  moves forward , the 
twist frequency also de creas es , as would be expected , and eventually matches 
the plate  bending frequency in the cas e  tested. * At this  point the elas tic  
energy in e i ther mode can eas i ly trans fer to the o ther mode , and an ins tabil
ity wi ll result if the aerodynamic loads are such as to increase the twis t  
momen t .  This can o ccur a s  shown i n  Sach ' s example i f  the twis t  center moves 
forward . However ,  if the rotational po int were to move downs tream ra ther than 
ups t ream the aerodynamic loading would tend to res tore the wing to its  
unde f ormed state or damp the mo t ion out .  

*The twis t  
effects . 
ve loc i ty , 
e lemen t s .  

cent er moves from its init ial pos i t i on be caus e o f  aeroe las t i c  
I n  e f f e c t  the aeroelas t ic loads (which are functions of the flow 

the deformation ,  and rat e  of deform.ation )  act as elas t i c  stiffening 
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F or the general cas e ,  f lutter i s  a complicated phenomenon that requires the 
solution of coupled dynamic equat ions in which relationship s for the aero
dynamic lift and moment mus t  be known . The complication arises from the fact 
that the lift and moment are func t ions of the oscillatory frequency as well as 
angle of at tack, geometry,  velocity,  and flow densi ty. Thus the force and 
moment conditions are directly coupled in the eigenvalue equat ions . C omplex 
eigenvalues resul t .  

F lutter o f  aerodynamic bodies i s  fairly well understood , a s  i t  i s  the sub j e c t  
of a large mass of analytical and experimental informat ion, The background o f  
informa t ion f o r  bluff bodies of arbit rary shape is qui te  limited , primarily 
because accu,rate lift and moment relat ions f or these  bodies do not exi s t . 
Howeve r ,  there is a signif icant amount of information on the flut ter  re sponse 
of bridge decks [ 33 ]  that may have applicat ion to flat solar co llectors.  

WAKE BUFFETING 

Buf f e t ing , whi ch is not an aeroelas t i c  or ins tabi lity effect , is defined [ 3 3 ] 
as the uns t eady loading of a s t ructure by velocity fluctuat ions in the 
oncoming flow. If thes e  velocity fluctuations are clearly as s ociated wi th the 
turbulence shed in the wake of an ups tream body , the - uns t eady loading i s  
referred to a s  wake buff e t ing. S olar collectors in fields are all subject to  
wake buf f eting,  but effective analyt ical models f or the random trans ient wake 
buff e t ing phenomenon do no t exi s t .  Hence , the solution of thi s  problem seems 
mos t  amenable to experimental and poss ibly s tatis tical procedures.  
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